The igneous rock study plays an important role in understanding the tectonic evolution of sedimentary basins. The distribution of igneous rocks is one of the basic aspects in the igneous rock study. Based on the magnetic susceptibility contrast of igneous and other rocks, magnetic methods are usually used in the igneous rock investigation. In this paper, we delineated the distribution of igneous rocks in Huanghua depression based on the reduction to pole (RTP) magnetic anomaly and its derivative processing results. The main methods used to enhance the anomaly character of igneous rocks include total horizontal derivative, analytic signal modules and the tilt angle. Based on the RTP anomaly and the derivative results, three types of igneous rock distribution areas are predicted in Huanghua depression. The large scale igneous rocks are mainly distributed in the north part of Huanghua depression. The string bead-shaped igneous rocks are mainly located in the north and southwest parts. Some craters are located in the middle-south part. The distribution of igneous rocks is controlled by the deep buried fault along the coastal boundary and the associated tertiary faults. Our study verified the validity of the magnetic derivative methods for the planar distribution study of igneous rocks. The study results of Huanghua depression are the basis of the seismic interpretation of igneous rocks and the tectonic study in this area.
Introduction
Igneous rocks are important components of the earth's crust and widely spread in the shallow and deep crust. The igneous rock study is helpful to understand the regional tectonics, their effects on the sedimentary basins and reservoirs. Numerous hydrocarbon occurrences in and around igneous rocks were reported all over the world (Schutter 2003) , including in 4 Author to whom any correspondence should be addressed.
China (Yang et al 2006b (Yang et al , 2009 . One basic aim of igneous rock study is to delineate their distribution. Based on the high magnetic susceptibility contrast between igneous rocks and metamorphic/sedimentary rocks, magnetic methods are mostly used for the investigation of igneous rocks (Eventov 1997 , Yang et al 2006a , He et al 2008 , Jallouli et al 2003 , Lin et al 2008 . The dominant magnetic anomaly is associated with magnetic basement (mainly metamorphic and/or igneous rocks). The local variations of magnetic anomalies caused by scattered igneous rocks are superposed on the regional anomaly of magnetic basement. Igneous rocks can be identified from the local magnetic anomalies and the magnetic processing results (Sparlin and Lewis 1994, Secomandi et al 2003) .
In this paper, we introduce magnetic derivative methods for the investigation of igneous rocks and apply them in the igneous rock study of Huanghua depression. The investigation of the igneous rocks of Huanghua depression started from 1964. These rocks are widely spread in Huanghua depression according to the core samples. Up to 400 wells have encountered igneous rocks, and several reservoirs associated with igneous rocks have been discovered in this area (Zhou et al 2000) . However, the igneous rocks of Huanghua depression have different scales, and their distribution pattern has not been fully recognized. Here we discuss the igneous rock distribution of Huanghua depression based on magnetic data. The distribution pattern of igneous rocks and its geological implications are also discussed in the paper.
Methods
Various methods can be used to enhance the anomaly character of igneous rocks and assist in identifying the igneous rocks. One of the important methods is based on the derivative computation (Hsu et al 1996 , Fedi and Florio 2001 , Cooper and Cowan 2006 , Wang et al 2009 , Wijns et al 2005 . Here we mainly used the methods based on the first-order derivative to study the distribution of igneous rocks.
The reduction to pole (RTP) operation transforms the magnetic anomalies centred over their causative bodies and simplifies the interpretation. All the processing we performed in this paper is based on the RTP magnetic anomaly. The basic derivative methods include the derivatives along the three axis directions, ∂M/∂x, ∂M/∂y, ∂M/∂z, where M stands for the RTP magnetic anomaly.
The vertical derivative (VDR) and the total horizontal derivative (THDR) are two basic derivatives used for data enhancement and source body edge detection. The extreme value of the horizontal derivative and the zero value of the VDR can be used to locate the edge of geological bodies. The definitions of VDR and THDR are given as
The analytic signal used for edge detection in magnetic anomaly was first developed by Nabighian (1972 Nabighian ( , 1984 based on the first-order derivative. The analytical signal modulus (ASM),
is comonly used in magnetic interpretation. In addition, Miller and Singh (1994) proposed the definition of tilt angle (TA) as the ratio of VDR and THDR. It can balance dynamic anomaly changes and enhance the source edge anomaly features. The TA formula is given by 
and the value of TA is from −π/2 to π/2.
Synthetic profile experiment
To validate the effect of derivative methods in igneous rock detection from magnetic anomaly, one profile model is established according to the basic igneous rock pattern. Generally, igneous rocks are intrusive or extrusive bodies; hence we use a horizontal sheet and vertical column to represent the basic shapes of igneous rocks. The synthetic model shown in figure 1(a) contains five anomalous bodies (A-E). Two horizontal bodies (A and B) and two vertical bodies (C and D) are located at different depths, and one smaller parallelogram body (E) is in the shallow part. All these bodies have finite extension in the Y direction (1 km extension) and the same magnetic susceptibility (1 A m −1 ) with the inclination of 60
• . The forward magnetic anomaly is the black line in figure 1(b), while the RTP magnetic anomaly is plotted as the red line. The derivative processing results of RTP magnetic anomaly are illustrated in figures 1(c)-(f ). Obviously, the anomalies of shallow buried source bodies (A, C and E) have high amplitude, and the deep buried source bodies (B and D) have weaker anomalies. The derivatives of RTP magnetic anomaly are used to enhance the anomaly characters of magnetic source bodies here. The maximum of the VDR and the modulus of the analytical signal can identify the top centre of the source bodies; the extreme values of horizontal derivative can locate the edges of source bodies. As shown in figure 1, for the shallow buried bodies (A, C and E), the derivative results can well locate their source bodies. For deep buried bodies (B and D), the weak anomalies are not so clearly enhanced compared to other high amplitude anomalies. So it is still difficult to identify the deep buried source bodies or other source bodies with weak anomalies. Comparatively, the TA provides a better result to identify such weak anomalies. It has the automatic gain control nature, and has the property of being positive over a source and negative elsewhere (Miller and Singh 1994) . From the synthetic test, all the anomalies of source bodies, including the deep buried bodies B and D, can be identified easily with the positive area of the TA.
Field example

Magnetic anomaly data and petrophysical property
Huanghua depression is located in the middle-north part of the Bohaiwan basin, North China. The Dagang area was selected as a research region for igneous rock study (see figure 2(a)). It consists of the Cangdong uplift, Huanghua depression, Chengning uplift and Shaleitian uplift. The sub-tectonic frame of Huanghua depression, the deep-seated faults and the Cenozoic fault system are shown in figure 2(b).
The aeromagnetic data are compiled from the Bohai Bay aeromagnetic database of Institute of Geology and Geophysics, Chinese Academy of Sciences and China Aero Geophysical Survey & Remote Sensing Center for Land and Resources (Hao et al 2008) . The data were converted to the grid file with sample distances in the x and y directions of 1 km interval and reduced to the magnetic pole. The regional earth magnetic inclination and declination parameters used in RTP process are 55
• and −5.6 • , respectively. The RTP magnetic anomaly map (figure 3) has very good agreement with the main tectonic frame of the Dagang area. The sedimentary basin (Huanghua depression) has low magnetic anomaly, and the uplifts correspond to the high magnetic anomaly area. The local high anomaly in sedimentary basin is mostly related to the strong magnetic sources.
According to the petrophysical study of Huanghua depression (Hao et al 2008) , the magnetic source bodies are mainly from the Archean to lower-Proterozoic crystalline basement and the igneous rocks in Mesozoic and Cenozoic. The classical magnetic susceptibility characters of different rocks and layers are listed in table 1. The magnetic susceptibility of Archean basement is about 935-4700 × 10 −5 SI, the magnetic susceptibility of igneous rocks is generally thousands of 10 −5 SI, and the sedimentary layer has little or almost no magnetism. The igneous samples from well core Cangdong plift u Cangdong plift u
Chengning plift u Chengning plift u
Shaleitian uplift
Shaleitian uplift H u a n g h u a d e p r e s s io n H u a n g h u a d e p r e s s io n The location of the study area; (b) the tectonic frame of the study area. Legend stands for: 1, the coastal line; 2, deep-seated fault; 3, tectonic boundary; 4, sub-tectonic boundary; 5, Cenzoic faults from seismic interpretation; 6, the positive sub-tectonic units in Huanghua depression (salients and buried mount); 7, the negative sub-tectonic units in Huanghua depression (sags); 8, the uplifts. H u a n g h u a d e p r e s s i o n C a n g d o n g u p l i f t C h e n g n in g u p li ft S h a le it ia n u p li ft show that igneous rocks are mainly diabases and basalts; the susceptibility of basalts can reach 132-2933 × 10 −5 SI and that of diabases 279-4885 × 10 −5 SI (Xu et al 2008) . In conclusion, the magnetic susceptibility of igneous rocks is high and the igneous rocks are the main magnetic anomaly sources in the Dagang area.
Magnetic profile analysis
In practice, the seismic reflection of igneous rocks is complex and cannot be easily identified with other reflection features. In this case, the magnetic anomaly data can be used to assist the interpretation of igneous rocks. We choose one seismic profile ( figure 4(a) ) in the Dagang area, North China, for magnetic data analysis and igneous rock detection. The seismic reflection characteristics clearly indicate the existence of craters and conduits in area C. However, the intrusive igneous rocks in area B cannot be identified easily from the seismic reflection. We extract the magnetic anomaly data (black line in figure 4(b) ) of the profile (the location of this profile is shown in figure 3) , and compute the RTP magnetic anomaly (red line in figure 4(b) ) and its derivative results (figures 4(c)-(f )) for igneous rock investigation. From the derivative results, the anomaly features of intrusive igneous rocks in area B and crater in area C are clearly illustrated. Our experiment illustrates that the derivative methods can locate the edges of igneous rocks very well, which provides useful assistance for the seismic interpretation. 
Data processing results
In order to enhance/extract the magnetic anomaly related to igneous rocks, the derivative processing method is applied to the RTP magnetic anomaly. H u a n g h u a d e p r e s s i o n C a n g d o n g u p l i f t C h e n g n in g u p li ft S h a le it ia n u p li ft 
Geological interpretation of igneous rocks
According to the anomaly feature of RTP magnetic map and the derivative results, we classify the typical igneous magnetic anomalies of the Huanghua depression into three types for interpretation, as illustrated in areas A, B and C in figure 3 .
(1) Large scale high magnetic anomaly in sedimentary basin (area A in figure 3) .
Because of the thick but small magnetism sedimentary layer, the magnetic anomaly in sedimentary basin is lower than in uplift areas. The high magnetic anomalies in sedimentary basin are mainly associated with strong magnetic geological bodies in the sedimentary basin. The area A in figure 3 is located in the Beitang Sag; the RTP magnetic anomaly is 250 nT higher than the adjacent region. The high amplitude anomaly indicates the existence of highly magnetic geological bodies in the sedimentary layer. The reasonable interpretation is that the anomaly is caused by the igneous rocks based on the rock magnetic susceptibility analysis in this area. The drilling wells in this area have revealed about 40 m igneous rock layer in tertiary stratum. Integrated with the petrophysical property analysis, the high anomaly area corresponds to the widely spread igneous rocks in the Beitang sag. The maximum value H u a n g h u a d e p r e s s i o n C a n g d o n g u p l i f t C h e n g n in g u p li ft S h a le it ia n u p li ft H u a n g h u a d e p r e s s i o n C a n g d o n g u p l i f t C h e n g n in g u p li ft S h a le it ia n u p li ft H u a n g h u a d e p r e s s i o n C a n g d o n g u p l i f t C h e n g n in g u p li ft S h a le it ia n u p li ft The bead-shaped high magnetic anomalies are typical features for igneous rock investigation. They are mainly related to the scatter distributed igneous rocks along the fault system. There are many string bead-shaped magnetic zones in the RTP magnetic anomaly map. The anomaly of area B illustrates the typical style of this kind of anomaly. The bright spots indicate the high anomaly caused by igneous rocks. The derivative processing results greatly enhance the anomaly features. The seismic profile ( figure 4(a) ) also reveals the relationship between anomaly characteristics and igneous rocks. The string bead-shaped anomaly in area B along the southwest-northeast direction is consistent with the fault in this area.
(3) Circular and high-low associated magnetic anomaly (area C in figure 3) .
Another type of magnetic anomaly is related to the craters and volcanic conduits. The profile test has illustrated the magnetic anomaly feature of the crater (part C in figure  4) . The planar magnetic anomaly and the RTP magnetic anomaly of the crater are characterized with circular anomaly or positive and negative associated anomaly (or high-low associated anomaly). The anomaly of area C illustrates one typical magnetic anomaly of the crater. It has low value circular anomaly at the centre and associated high value on both sides (figure 9). The low value anomaly is mainly caused by the volcanic extrusion, and the magnetic material is around the crater. Other craters also were identified from the RTP magnetic anomaly and its derivatives. They are represented by the red filled circles in figure 10 .
Igneous rock distribution in sedimentary basin
Based on the analysis of three types of magnetic anomaly characters and the derivative processing results, we delineate H u a n g h u a d e p r e s s i o n C a n g d o n g u p l i f t C h e n g n in g u p li ft S h a le it ia n u p li ft The widely spread igneous rocks are mainly distributed in the north part of the sedimentary basin. The VDR and the TA results well locate the boundary of igneous rocks related to large scale high magnetic anomaly. Especially for the southwest area A, the middle-high amplitude anomaly is well enhanced by the TA analysis. We use the black line to represent the area of large scale igneous rock distribution.
The four derivative processing results also enhance the local high amplitude anomaly related to scattered igneous rocks. The bead-shaped anomalies in derivative processing results mainly illustrate the distribution of the igneous rocks. We use the near-zero zones of the TA in the sedimentary basin (coloured area in figure 10 ) to represent the bead-shaped igneous rock distribution area. It has great agreement with the prediction results from the other three derivative results in this paper.
Four crater distribution areas are studied based on the anomaly feature. They are represented by red filled circles in figure 10 .
The igneous rocks are mainly distributed in the north and southwest part of the Huanghua depression. From the deepseated faults and Tertiary fault system of the Dagang area in figure 10 , the scattered igneous rock distribution is mainly controlled by the fault system. The deep-seated fault along the coastal boundary (nearly north-south trend) may be the main factor to control the distribution of the igneous rocks in the Dagang area.
Conclusion and discussion
The investigation of igneous rocks is the primary step to find reservoirs associated with igneous rocks. The magnetic method is one of the useful geophysical methods for investigation of highly magnetic igneous rocks. The igneous rocks are mainly related to the local high amplitude anomaly superposed on the regional magnetic field background. The derivative methods can be used for the enhancement of anomalies caused by igneous rocks.
The experiments of the synthetic profile model and the seismic profile in this paper have illustrated the effects of derivative methods for edge detection of igneous rocks. The edges of magnetic source bodies (igneous rocks) can be well located by the zero zones of the VDR and the TA, the extreme value of the horizontal derivative and the ASM. For the weak anomaly caused by the weakly magnetic igneous rocks or deep buried igneous rocks, the TA can well balance the high-low amplitude anomaly and give clear signature of the edges.
From the petrophysical study, the igneous rocks are highly magnetic and the main magnetic anomaly sources in Huanghua depression. It is the primary reason to detect igneous rocks by magnetic methods in this area. The RTP magnetic anomaly and its derivative processing results are used to investigate the distribution of igneous rocks. The zero zones of VDR and the TA can well locate the edges of igneous rocks. Integrated with the extreme value analysis of THDR and the analytic signal modules, we delineated the distribution area of igneous rocks in the Huanghua depression. In the north part, there mainly exist large scale igneous rocks with regional high amplitude magnetic anomaly. Several spot-scattered igneous rocks are related to string bead-shaped anomalies and widely spread in the north and southwest part of Huanghua depression. Some craters in this area are detected according to the circular and high-low associated magnetic anomaly.
Combined with knowledge of the fault system of Huanghua depression, the distribution of igneous rocks is mainly controlled by the fault along the sea boundary (northsouth trend) and associated tertiary faults. Most scattered igneous rocks are distributed on the west side of the deepseated fault along the sea boundary.
The petrophysical study of igneous rocks is the basement of the usage of magnetic anomaly for igneous rock detection. The derivative methods based on the first-order derivative, including VDR, THDR, ASM and the TA, can be successfully used to detect highly magnetic igneous rocks. The application in the Dagang area has outlined the distribution of the igneous rocks, and the results are partly confirmed by the seismic profile. The magnetic methods can well assist the further exploration of igneous rocks and the seismic interpretation.
From our analysis, the magnetic derivative methods can enhance the local anomaly well and delineate the edges of igneous rocks. However, we should note that all the interpretation of derivative results is based on the magnetic susceptibility analysis of igneous rocks. In practice, the selection of the investigation method for the igneous rock study should refer to the petrophysical study and the geological background. The magnetic methods can be used to locate the igneous rocks with high magnetic susceptibility within low regional magnetic background.
